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An improved understanding of how tree species will respond to warmer conditions and 35 
longer droughts requires comparing their responses across different environmental settings 36 
and considering a multi-proxy approach. We used several traits (tree-ring width, formation of 37 
intra-annual density fluctuations –IADFs, wood anatomy, ∆13C and δ18O records) to 38 
retrospectively quantify these responses in three conifers inhabiting drought-prone areas in 39 
northwestern Mexico. A fir species (Abies durangensis) was studied in a higher altitude and 40 
slightly rainier site and two pine species were sampled in a nearby, lower drier site (Pinus 41 
engelmannii, Pinus cembroides). Tree-ring-width indices (TRWi) of the studied species 42 
showed a very similar year-to-year variability likely indicating a common climatic signal. 43 
Wood anatomy analyses done over 3.5 million measured cells and showed that P. cembroides 44 
lumen area was much smaller than in the other two species and it remained constant along all 45 
the studied period (over 64 years). Instead, cell wall thickness was widest in P. engelmannii 46 
and this species presented the highest amount of intra-annual density fluctuations. Climate 47 
and wood anatomy correlations pointed out that lumen area was positively affected by winter 48 
precipitation for all studied species, while cell-wall thickness was negatively affected by this 49 
season’s precipitation in all species but P. cembroides.  Stable isotope analysis showed 50 
significantly lower values of Δ13C for P. cembroides and no significant δ18O differences 51 
between the three species, although they shared a common decreasing trend. With very 52 
distinct wood anatomical traits (smaller cells, compact morphology), P. cembroides stood out 53 
as the better adapted species in its current environment and could be less affected by future 54 
drier climate. P. engelmannii and A. durangensis showed high plasticity at wood anatomical 55 
level, allowing them to promptly respond to seasonal water availability but likely gives few 56 




1. INTRODUCTION 59 
Global warming projections indicate a mean temperature increase of 1.5 ºC above pre-60 
industrial levels in the forthcoming 30 years (IPCC, 2018). Accordingly, the increment in the 61 
frequency and intensity of dry spells and heat waves will progressively constrain forest 62 
growth and productivity, especially in drought-prone areas (IPCC, 2013; Vicente-Serrano et 63 
al., 2013). Climate models for Southwest USA and Northwest Mexico line up with the 64 
aforementioned predictions of increasing aridification and long-term water shortage in this 65 
dry area where the summer Monsoon represents the major source of rainfall to mountain 66 
conifer forests (Cook and Seager, 2013; Williams et al., 2013).  67 
Mexican mountains contain 43% of the world’s pine species, and half of these occur at the 68 
Sierra Madre Occidental mountain range in the northwestern part of the country (Sánchez-69 
González, 2008). The geographic extension of this range (1,200 km) and its position between 70 
the Pacific Ocean and the semi-arid Mexican plateau results in climatic gradients which 71 
likely allowed the occurrence of endemic conifers like Abies durangensis Martínez on the 72 
higher wet sites or Pinus cembroides Zucc. on the dry lower areas (Gernandt and la Rosa, 73 
2014; González-Elizondo et al., 2012). Besides its ecological value and environmental 74 
services, the mixed conifer forests of the Sierra Madre Occidental provide direct economic 75 
resources throughout timber, lumber, cones, wildlife hunting and cattle raising to the 76 
inhabitants of this region (Fulé et al., 2011). 77 
In mountain terrain, climatic gradients due to elevation difference and rain shadow effects 78 
can be used to understand the species responses to local conditions and the consequences of 79 
global warming at a regional scale (Fritts, 1974; Van de Water et al., 2002). Trees growing at 80 
lower elevations and drier sites of the southwest USA and northern Mexico are potentially 81 
more affected by drought than those located at higher altitude where mesic conditions prevail 82 
(Adams and Kolb 2005, Kelly and Goulden 2008, McDowell et al. 2010, González-Cásares 83 
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et al. 2017). However, conifer species growing at higher elevation (Abies durangensis, Picea 84 
chihuahuana) have been shown to be more vulnerable to drought spells than those from 85 
lower and more xeric conditions (Pinus engelmannii Carr, Pinus cembroides), in which much 86 
longer drought periods are needed to provoke negative impacts in the trees (Pompa-García et 87 
al. 2017a, 2017b). Furthermore, it has also been reported that, in other sites under semi-arid 88 
conditions like Northern Arizona (Adams and Kolb, 2005), the Colorado Plateau (Salzer and 89 
Kipfmueller, 2005) and Northeastern Mexico (Villanueva-Diaz et al., 2007), previous winter 90 
precipitation is more tightly correlated with radial growth (positively) than any other 91 
precipitation period during the growth season. This effect of winter precipitation on growth 92 
has been detected by performing climate-growth correlations using tree rings (total width or 93 
earlywood width) in United States and Mexico. Recent studies conducted in e.g. Northeastern 94 
Spain (Pacheco et al., 2018, 2016) demonstrated the importance of using a multidisciplinary 95 
approach involving, in particular, wood anatomical features (e.g. cell lumen area, cell wall 96 
thickness) and tree-ring isotope analyses (De Micco et al., 2019). This approach allowed 97 
obtaining valuable intra-annual resolution of these climate-growth relations and therefore to 98 
better infer the most responsive growth period to rainy conditions, but it also provided a 99 
closer view on the functional aspects of plant-environment interactions (Castagneri et al., 100 
2017; Fonti et al., 2010). 101 
Water limitation causes a vast array of responses in trees, including the reduction of stomata 102 
conductance and photosynthetic rate which trigger changes in isotope fractionation depending 103 
on CO2 uptake and fixation. The final result of these cascading effects is the differences of 104 
isotope composition of the tree’s tissues (Battipaglia et al. 2010, Granda et al. 2014). 105 
Specifically, carbon isotope composition (δ13C) reflects changes in gas exchange, with less 106 
negative values corresponding to improved water-use efficiency (Saurer et al., 2004), 107 
whereas oxygen isotope composition (δ18O) is correlated with soil water sources and stomatal 108 
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conductance rates, thus responding to evaporative demand (Saurer et al., 1997). Therefore, 109 
tree rings can be used to get retrospective multi-species information on drought effects by 110 
analyzing stable isotope signatures along with radial growth (Shestakova et al., 2017). It is 111 
important, however, to take into account that tree-ring isotope ratios merge information on 112 
xylem cells formed during different periods of the year, which could cause offset problems 113 
when trying to precisely match pattern and process (Porté and Loustau, 2001). 114 
In this study, we analyzed three endemic conifers growing on a climatic gradient at the Sierra 115 
Madre in Northwestern Mexico: Abies durangensis, Pinus engelmannii and Pinus 116 
cembroides. The aim of our research is to integrate growth, wood anatomy and isotope 117 
records to quantify how these species respond to climate variability, especially drought, and 118 
to forecast how they may react to ongoing climatic change. Although previous multi-taxa 119 
studies have been conducted in this area at locations with contrasting water availability 120 
(González-Cásares et al., 2017; Herrera-soto and Gonz, 2018; Pompa-García et al., 2017a, 121 
2017b), they agree on the need of further research considering complementary high-detailed 122 
methodologies. This is the first study performed in Northwestern Mexico combining the 123 
traditional tree-ring approach with state-of-the-art wood anatomy analysis and δ13C and δ18O 124 
information. 125 
 126 
2. MATERIALS AND METHODS 127 
2.1 Study area, climate and tree species  128 
This study was conducted in two sites (wet and dry) located on an ecologically valuable 129 
mountain forest region in the Sierra Madre Occidental (Durango state, northern Mexico), 130 
considered as a hotspot of biodiversity that comprises ecologically valuable mixed conifer 131 
forest (Aguirre et al., 2003). For the wet site (23.63º N, 105.38º W) we selected an area 132 
located near the town of El Salto at an altitude of around 2700 m a.s.l., which registers a 133 
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mean annual temperature (MAT) of 10.7 ºC and a mean annual precipitation (MAP) of 939 134 
mm (Supporting Information, Fig. S1). For the dry site (24.06º N, 105.02º W) sampling was 135 
performed at an altitude of 2200 m a.s.l. presenting a MAT of 12.6 ºC and a MAP of 673 136 
mm, close to the town of Otinapa (Table 1). Both sites are characterized by a pine forest 137 
mixed with other conifers where selection management has been done in the past. The 138 
selected species are all native of northwest Mexico. From Otinapa, these are Pinus 139 
engelmannii and Pinus cembroides, and from El Salto Abies durangensis. These species have 140 
been previously used for tree-ring research primarily focusing on the reconstruction of hydro-141 
climatic conditions and on the analysis of drought sensitivity and tolerance (Bickford et al., 142 
2011; Constante García et al., 2009; González-Cásares et al., 2017; Pompa-García et al., 143 
2017b, 2017a; Villanueva-Diaz et al., 2007; Villanueva-Díaz et al., 2014). 144 
We obtained monthly climate data (mean temperature, total precipiation) from the two 145 
stations. We also calculated the Standardized Precipitation Evapotranspiration Index (SPEI), 146 
a multi-scalar drought index, using these data and following Vicente-Serrano et al. (2010). 147 
 148 
Table 1. Features of the three sampled conifers in the wet and dry sites. DBH is the diameter 149 
measured at breast height (1.3 m); TRW is the tree-ring width; EPS is the Expressed Population 150 
Signal. Values are means ± SE. Tree-ring descriptive statistics correspond to the common period 151 
1950-2014.  152 
Site Site 
type 
Species N DBH (cm) Height 
(m) 





El Salto Wet Abies 
durangensis 











14 40.0 ± 4.2 13.6 ± 
1.7 
79 ± 8 1.77 ± 0.17 0.30 0.90 
Pinus 
cembroides 
12 37.1 ± 3.8 8.0 ± 0.8 139 ± 13 0.75 ± 0.09 0.58 0.96 
a Variables calculated on raw tree-ring width data 153 
b Variables calculated on ring-width indices 154 
 155 
 156 
2.3 Field sampling and tree-ring data  157 
During the winter of 2015, a total of 10-15 dominant trees per species were sampled and their 158 
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size was measured using tapes and a clinometer (DBH, the diameter measured at breast 159 
height, i.e. 1.3 m; total height). We took at least two radial cores per tree at 1-1.3 m with a 5-160 
mm Pressler increment borer. One core was used for obtaining ring-width data, whereas 161 
another core was used for isotope analyses. Sampled trees were randomly selected and field 162 
sampling followed standard dendrochronological methods (Fritts, 1976). The collected wood 163 
samples were air-dried and then polished with a series of successively finer sand-paper grits 164 
until rings were clearly visible. Tree rings were measured to the nearest 0.01 mm using a 165 
binocular stereoscope and a LINTAB measuring device (Rinntech, Heidelberg, Germany). 166 
Cross-dating of the tree-ring series was checked using the program COFECHA (Holmes 167 
1983). To remove trends and growth pulses caused by age, competition or disturbances, we 168 
calculated ring-width indices (TRWi) to quantify growth variability at inter-annual scales 169 
following the standard methodologies in dendrochronology (Cook et al., 1990). Individual 170 
series were fitted using a cubic smoothing splines function with 50% frequency–response 171 
cutoff of 30 years. Autoregressive models were then applied to remove most of the first-order 172 
temporal autocorrelation related to the previous year growth and to obtain pre-whitened or 173 
residual indices. Lastly, we calculated mean series (chronologies) of the residual indices for 174 
each species using biweight robust means. This procedure was performed using the ARSTAN 175 
program (Cook, 1985). Finally, as a way to detect changes on radial growth and forest 176 
productivity, we calculated the basal area increment (BAI) from raw tree-ring records. 177 
 178 
2.4 Wood-anatomy analyses 179 
A third 10-mm core was obtained from each tree for wood-anatomy analyses. The cores of 180 
the six best cross-dated trees per species were selected for this purpose. The selected cores 181 
were diagonally cut into 4-cm long pieces, boiled in water in order to soften the wood and 182 
sliced into 10-12 μm thick transversal sections using a rotary microtome (Leica RM 2025, 183 
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Heidelberg, Germany). The samples were stained with safranin (1%) and astrablue (0.5%) 184 
(both diluted in distilled water) and rinsed with water and ethanol. Afterwards they were 185 
fixed on permanent slides with Eukitt (BiOptica, Milan, Italy). Histological images where 186 
obtained using a D-sight 2.0 System automatic scanner (Menarini Diagnostics, Florence, 187 
Italy) at 100× magnification, with a resolution of 1.99 pixels μm–1. Tree-ring borders were 188 
manually drawn on the images, which went through a semi-automatically analysis using the 189 
ROXAS v3 software (von Arx and Carrer, 2014). This analysis provided measurements 190 
(among others) of transversal lumen area (LA) and cell-wall thickness (CWT) of tracheids, 191 
while assigning to each measured cell its relative position within the dated annual ring.  192 
Following a partitioning method (Castagneri et al., 2018) we used the relative position of 193 
each tracheid within each ring, to calculate mean values of LA and CWT along 10 equal-194 
width tangential sectors to obtain a very detailed profile of anatomical features changes along 195 
the whole ring. These ten sectors are assigned and named accordingly from the early 196 
earlywood (S1) to the late latewood (S10). 197 
Intra-annual density fluctuations (IADFs) in tree rings are generally considered structural 198 
anomalies caused by deviations from the “normal course” of xylogenesis during the growing 199 
season (De Micco et al., 2016). IADFs were visually quantified and separated in two main 200 
groups (earlywood and latewood IADFs), according to the position within the ring where 201 
they were present. The earlywood IADFs are characterized as a band of latewood-like cells 202 
(i.e. tracheids with small LA and thick CWT) within the earlywood, while latewood-IADF 203 
are bands of earlywood-like cells (i.e. tracheids with large LA and thin CWT) within the 204 
latewood. Each of these groups were also visually categorized in three levels of intensity 205 
(weak, moderate and strong) according to how much the anatomic measurements of the band 206 




2.5 Isotope analysis (Brendel et al., 2000; Gaudinski et al., 2005) 209 
The 5-mm cores of the six best cross-dated trees per species were selected for isotope 210 
analyses. We obtained annual pools of wood for each species considering the common period 211 
1980-2010. Wood samples were carefully homogenized and milled using an ultra-212 
centrifugation mill (Retsch ZM1, mesh size of 0.5 mm). Wood α-cellulose was extracted 213 
following Brendel et al. (2000) and Gaudinski et al. (2005). Briefly, the extraction involves 214 
soaking the wood samples in a 10:1 mixture of acetic (80 %) and nitric acid (69 %) at 120°C 215 
for 45 minutes in 1.5 ml polypropylene tubes, followed by a series of rinses using ethanol, 216 
deionized water and acetone. A final purification step uses 17 % w/v NaOH and subsequent 217 
rinsing steps with water, acetic acid and acetone. The samples are finally left to dry overnight 218 
and placed in an oven for 2 h at 50°C. An aliquot of 0.5-0.7 mg of each α-cellulose sample 219 
was weighed on a balance (Mettler Toledo AX205) and placed into tin (for δ13C) and silver 220 
(for δ18O) capsules, respectively. 221 
The C and O stable isotope compositions were measured at the IRMS Lab of 222 
University of Campania “L. Vanvitelli” by continuous-flow isotope ratio mass spectrometry 223 
(Delta V plus Thermo Electron Corporation, Bremen Germany) using 0.06 mg of dry matter 224 
for δ13C and 0.3-0.6 mg for δ18O.  225 
Carbon isotope discrimination (Δ13C; Farquhar and Richards, 1984) was calculated as: 226 
Δ13C = (δ13Catm− δ13Cplant) / (1+δ13Cplant /1000)              (1), 227 
where δ13Catm and δ13Cplant are the carbon isotope composition of atmospheric CO2 and tree-228 
ring α-cellulose, respectively, expressed in parts per thousand (‰) relative to the standard V-229 
PDB; Δ13C is linearly related to the ratio of intercellular (ci) to atmospheric (ca) CO2 mole 230 
fractions, by (Farquhar et al., 1982): 231 
Δ13C = a + (b−a) ci/ca                (2), 232 
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where a is the fractionation during CO2 diffusion through the stomata (4.4‰), and b is the 233 
fractionation associated with reactions by Rubisco and PEP carboxylase (27‰; Farquhar and 234 
Richards, 1984). The values for variables ca and δ13Catm were obtained from published data 235 
(McCarroll and Loader, 2004). 236 
The ci/ca ratio reflects the balance between net assimilation (A) rate and stomatal 237 
conductance to CO2 (gc) according to Fick’s law: A= gc(ca− ci). Stomatal conductance to CO2 238 
and water vapor (gw) are related by a constant factor (gw = 1.6gc), and hence these last two 239 
variables allow linking the leaf-gas exchange of carbon and water. The linear relationship 240 
between ci/ca and Δ may be used to estimate intrinsic water-use efficiency (iWUE), defined 241 
as the ratio of net carbon assimilation to stomatal conductance to water (A/gw), which is 242 
calculated as follows: 243 
iWUE = (ca / 1.6) [(b−Δ) / (b−a)]                                           (3) 244 
The iWUE (μmol mol-1) inferred from wood Δ13C has been widely used to assess trends in 245 
the internal regulation of carbon uptake and water loss in trees (McCarroll and Loader, 2004), 246 
assuming that Δ13C relates linearly to ci/ca. However, the iWUE should not be considered as 247 
equivalent to instantaneous water-use efficiency, which is the ratio of assimilation (carbon 248 
gained) to transpiration (water lost) and takes into account the atmospheric water demand 249 
(Seibt et al., 2008). 250 
 251 
2.6 Statistical analyses 252 
We compared mean growth, anatomy and isotope data between species using Mann-Whitney 253 
tests. Prior to analysing how climate was related to wood-anatomical traits, the individual 254 
series were detrended by a 32-year cubic smoothing spline to remove age-related growth 255 
trend. The climate-anatomy associations were quantified using Pearson correlations between 256 
the detrended wood-anatomical parameters (LA and CWT) and the monthly climatic data 257 
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(mean temperature, total precipitation) from El Salto and Otinapa weather stations covering a 258 
60 year period (1950-2010). 259 
Finally, we considered the three theoretical scenarios of iWUE proposed by Saurer et al. 260 
(2004): (i) constant ci, (ii) constant ci/ca , and (iii) constant ca – ci. These three scenarios differ 261 
in the degree to which the increase in ci follows the increase in ca: (i) not at all, (ii) 262 
proportionally, or (iii) at similar rate. In scenario (i) iWUE increases strongly, while in 263 
scenario (ii) iWUE is improved, but not as strongly as in scenario (i). Finally, iWUE remains 264 
constant in scenario (iii). To assess the goodness of fit of the three iWUE theoretical models 265 
as compared to observed iWUE data we quantified the Root Mean Squared Error (RMSE), 266 
which measures the mean deviation of fitted from observed data (Chatfield 2000). The RMSE 267 
is the square root of the variance of the residuals, which is equivalent to the standard 268 
deviation of the unexplained variance, i.e. lower RMSE values correspond to a better fit. 269 
 270 
3. RESULTS 271 
 272 
3.1 Growth and wood anatomical traits 273 
 274 
Tree-ring width indices (TRWi) of the studied species showed a very similar year-to-year 275 
variability, thereby indicating a common climatic signal (Figure 1). Correlations between the 276 
mean species series were always highly significant (p < 0.0001), with highest values between 277 
A. durangensis and the pine species (r = 0.57 - 0.58) than between both pine species (r = 278 
0.48). Growth rates (BAI) for A. durangensis and P. engelmannii were significantly higher 279 
(20.06 cm2 and 20.59 cm2 respectively) than those of P. cembroides (5.48 cm2) (Table 2). In 280 
general, A. durangensis showed a steadier annual growth along the studied period (CV = 281 
33.1%), while the pine species went through more dynamic changes following consistently 282 
wet or dry periods (P. cembroides, CV = 36.1%, P. engelmannii, CV = 49.3%). Using the 283 
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common period 1950-2014 for all three species, we produced a very detailed description of 284 
wood anatomy (LA, CWT). In total, we analyzed over 3.5 million individual cells: 1.6 × 106 285 
for A. durangensis, 1.3 × 106 for P. engelmannii and 0.8 × 106 for P. cembroides (Figure 2). 286 
Regarding LA, P. cembroides showed the smallest tracheid dimensions of all species (591.23 287 
± 4.92 µm2) which remained fairly constant along the studied period (CV = 6.5%). Instead, 288 
the other two species had wider tracheids, although no significantly different between them 289 
(LA: P. engelmannii, 1019. 99 ± 14.60 µm2; A. durangensis, 1074.83 ± 19.22 µm2) and also 290 
presented a higher year-to-year variability (P. engelmannii, CV= 11.2%; A. durangensis, CV 291 
= 14.0%) (Table 2), but with a slightly increasing trend along the 64-year period analyzed. 292 
Figure 1. Basal area increment and ring-width indices of the three studied conifer species (wet site, 293 
Abies durangensis; dry site, Pinus cembroides and Pinus engelmannii). Data correspond to means (± 294 
SE) and include the best replicated common period from 1950-2014. Bars in the lowermost plot 295 






 The CWT analyses reveal the same trends mentioned before i.e. increasing values for P. 298 
engelmannii and A. durangensis, and a mostly flat response for P. cembroides (Figure 2). All 299 
three species showed a significantly different CWT, with A. durangensis having the thinnest 300 
(4.18 ± 0.03 µm) and P. engelmannii the widest cell walls (5.54 ± 0.04 µm). CWT variability 301 
was similar between species (CV =4.4-6.3%). From an intra-annual perspective P. 302 
engelmannii confirms its characteristically thicker cell wall along all ring width sectors, while 303 
A. durangensis maintains a wider lumen area on the last sectors of growth (S5 to S10) 304 
(Supporting information Fig S3). 305 
 306 
 307 
Figure 2. Non-detrended wood anatomical series (means ± SE) of lumen area and cell wall thickness 308 
(CWT) for the common period of 1950-2014 in the three studied conifer species (wet site, Abies 309 






Table 2. Mean (±SE) values for the measured variables of radial growth (basal area increment), wood 314 
anatomy (lumen area, cell-wall thickness) and isotope data (cellulose-Δ13C; cellulose-δ18O; iWUE, 315 
intrinsic water-use efficiency). Reported variables correspond to the period 1980-2010. Different 316 
letters indicate significant (p < 0.05) differences between species (Mann-Whitney U tests). 317 
 318 
Species BAI (cm2) Lumen area (µm2) Cell-wall 
thickness (µm) 
∆13C (‰) δ18O (‰) iWUE (µmol 
mol-1) 




















3.2 Intra-annual density fluctuations 321 
The two pine species growing at the Otinapa dry site showed a similar proportion of 322 
earlywood IADF (ew-IADF) to latewood IADF (lw-IADF), 90% to 10% respectively (Figure 323 
3). In the case of A. durangensis at the El Salto wet site lw-IADF represented over 25% of all 324 
IADFs. Pinus engelmannii presented the highest presence of IADFs, with almost 65% of the 325 
years presenting one IADF, and followed by A. durangensis with around 40% of incidence, 326 
while P. cembroides was the least affected, with just one third of its rings showing intra-327 
annual changes of wood density. Along all three species, the 2nd to 4th sectors of the ring 328 
(earlywood) presented most IADFs formation. A schematic characterization of IADFs along 329 
time (Figure 4) shows how lw-IADF on A. durangensis has become less common since the 330 
mid-1980s, while for the two pine species the IADF patterns have not significantly changed 331 









Figure 3. Quantification and characterization along the 10 tree-ring radial sectors of each intra-annual 339 
density fluctuations (IADF) present across all tree cores analyzed from the three conifer species (wet 340 
site, Abies durangensis; dry site, Pinus engelmannii and Pinus cembroides). This characterization is 341 
based on the location of the IADFs within the earlywood (green bars, sectors S1 to S6) or latewood 342 
(brown bars, sectors S7 to S10) areas and the intensity of its fluctuation (color tone). Quantification 343 









Figure 4. Quantification and characterization of each intra-annual density fluctuations (IADF) present 351 
across all tree cores analyzed from the three conifer species (wet site, Abies durangensis; dry site, 352 
Pinus cembroides and Pinus engelmannii) along the 10 tree-ring radial sectors (x axes; radial sectors 353 
go from the early earlywood (S1) to the late latewood (S10)) from 1945 to 2010. Characterization is 354 
based on the location of the IADF within the earlywood (greens) or latewood (browns) areas and the 355 
intensity of its fluctuation.  356 
 357 
3.3 Stable isotopes and intrinsic water-use efficiency  358 
The Δ13C values of wood α-cellulose were significantly lower for P. cembroides compared to 359 
the other two species, with A. durangensis presenting consistently the highest values (Figure 360 
5). When considering their intrinsic inter-annual variation, this was relatively lower for P. 361 
cembroides (CV = 1.2%) as compared to the other two species (CV >2.5%). 362 
Also, δ18O of wood α-cellulose did show a decreasing trend for all the species (Figure 5). 363 
There were no significant differences between the two pine species from the dry site at 364 
Otinapa, while in the case of A. durangensis its δ18O values were significantly higher. 365 
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    366 
 367 
Figure 5. Variability of cellulose-Δ13C and cellulose-δ18O in the three conifer species (wet site, Abies 368 
durangensis; dry site, Pinus cembroides and Pinus engelmannii). Values are shown for the period 369 
1980-2010. 370 
 371 
All three species presented a sustained increase in iWUE along the studied period (Figure 6). 372 
In agreement with the Δ13C analysis, P. cembroides had significantly higher iWUE values if 373 
compared to the other two species (Table 2). According to the iWUE scenarios, the best 374 
models (lowest RMSE) in all species corresponded to the constant ci/ca scenario in which 375 




Table 3. Goodness-of-fit statistics (RMSE, root mean squared error, in µmol mol−1) for the three 378 
different theoretical models of intrinsic water-use efficiency (iWUE) fitted to the iWUE data (1980-379 
2010 period) of the three tree species (see Fig. 6). Abbreviations: ca, atmospheric CO2 concentration; 380 
ci, CO2 concentration in the internal sub-stomatal cavity of leaves. 381 
 382 
Species iWUE models 
Constant ci Constant ci/ca Constant ca–ci 
A. durangensis 1.88 0.88 1.72 
P. engelmannii 1.53 0.98 2.01 
P. cembroides 1.56 0.48 1.74 
 383 
Year



























Figure 6. Trends in intrinsic water-use efficiency (iWUE) of the three species (wet site, Abies 385 
durangensis; dry site, Pinus engelamannii and Pinus cembroides) and selected iWUE model (constant 386 
ci/ca ratio, dashed lines). 387 
 388 
3.4 Relationships between growth, wood-anatomical traits and isotope variables 389 
A. durangensis portrayed clearly significant relationships between its growth and both wood 390 
anatomical traits (LA [positive], and CWT [negative]), whereas the two pines species showed 391 
no significant correlation between these variables (Table 4). Correlations between the two 392 
anatomical features were consistently negative for the three species, although non-significant 393 
in the case of P. cembroides. When analyzing the relations with isotopes, all species showed 394 
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a significant positive correlation between BAI and Δ13C, but when considering the anatomical 395 
traits, only A. durangensis had significant correlations with  Δ13C (positive with LA and 396 
negative with CWT). In the case of δ18O, only P. cembroides showed a significant correlation 397 
with growth (positive with BAI). 398 
 399 
Table 4. Pearson correlations calculated by relating mean values of growth (BAI, basal area 400 
increment), wood anatomy (LA, lumen area; CWT, cell-wall thickness) and isotope data (Δ13C and 401 
δ18O). Correlations were calculated for the common period 1980-2010. Significance levels: *P < 0.05, 402 
**P < 0.01, and ***P < 0.001. 403 




LA 0.58***    
CWT -0.45** -0.85***   
∆13C 0.74*** 0.43* -0.36*  




LA 0.33    
CWT -0.12 -0.47**   
∆13C 0.52** 0.24 -0.27  




LA 0.33    
CWT 0.30 -0.23   
∆13C 0.41* 0.32 0.06  
δ18O 0.49** 0.23 0.10 0.33 
 404 
 405 
3.5 Associations between wood anatomical traits and climate 406 
All species were positively affected by winter precipitation producing larger tracheids after 407 
wet winters (i.e. bigger LA), but each site reflected this influence in different sectors along 408 
the tree ring. In the case of El Salto (wet site), A. durangensis showed strong associations 409 
along all tree-ring sectors, starting from S1 to S4 (earlywood), which correlated with the 410 
winter precipitation (December to February), and from S5 to S10 sectors (latewood) 411 
coinciding with spring and early summer precipitations. However, for both pine species 412 
growing in the dry site late winter precipitation showed its effects after S6 to S10 sectors 413 
(Figure 7). Regarding correlations with CWT, A. durangensis showed a significantly negative 414 
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correlation for most tree growth sectors in correspondence to late spring and early summer 415 
precipitation (May and June). In the case of pines, only P.engelmannii showed a significant 416 
negative correlation with winter precipitation (January and February), while P. cembroides 417 
did not show any significant correlation. 418 
 419 
 Figure 7. Climate-anatomy associations between lumen area or cell wall thickness and monthly 420 
precipitation for the two studied areas (wet site for Abies durangensis; dry site for Pinus engelmannii 421 
and Pinus cembroides) over the common period 1950–2014. Pearson correlations were computed 422 
from September of the previous year (months abbreviated by lowercase letters) to September of the 423 
next year (months abbreviated by uppercase letters), and they were calculated using the ten tree-ring 424 
radial sectors from the early earlywood (S1) to the late latewood (S10) (y axes). Correlation 425 
coefficients above │0.232│are significant at p < 0.05 and they are signaled by contour black lines. 426 
 427 
4. DISCUSSION 428 
This study is the first to apply classical dendrochronology, wood anatomy and isotopic 429 
analysis in Mexico to asses and compare how three conifer species cope with climatic 430 
21 
 
variability in a mountainous region of northern Mexico, a region particularly susceptible to 431 
climate change and forecasted aridification trends (Stahle et al., 2016). Across all the study 432 
period, Pinus cembroides was the species that consistently showed the most divergent results 433 
compared to the other species. This pine shows significantly smaller tree-ring width and cell 434 
lumen area, has the least percentage of IADFs presence and almost no climatic correlations 435 
with cell wall thickness, and displays the highest iWUE. Although P. cembroides trees are 436 
older than the other sampled conifers (Table 1), all species are in a mature stage and, 437 
therefore, most of the aforementioned differences can be attributed to species specific 438 
physiological characteristics. In the case of P. cembroides its short height and extended root 439 
system may help it to cope with the drier conditions of its habitat (Gutiérrez-García et al., 440 
2015). Contrastingly to the other much taller studied tree species, P. cembroides also presents 441 
smaller lumen area, following the allometric model where conduits diameter respond to plant 442 
height (Carrer et al., 2015). Consequently, Pinus engelmannii, which coexists with P. 443 
cembroides, is almost twice its height and it presents significantly different results in most of 444 
the studied parameters, including lumen area. Its results run closer to those shown by A. 445 
durangensis growing in the higher and rainier site.  446 
From a secondary growth perspective, P. engelmannii has a more plastic response as it 447 
presents over double the amount of IADFs (Figure 3) than its concurrent pine species. These 448 
characteristics suggest that both pines species have different strategies to withstand water 449 
shortage at the dry site. While P. cembroides relays on maintaining a shorter height with 450 
smaller tracheids and slower growth rates, P. engelmannii produce larger tracheid with 451 
thicker cell walls (Figure 2). A similar scenario was described between two coexisting 452 
conifers on northeastern Spain (Pacheco et al., 2016) where the smaller species (Juniperus 453 
thurifera) formed smaller cells than its concurrent larger species (Pinus halepensis). In our 454 
case both species are congeneric and the smaller lumen area of P. cembroides cells could 455 
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make its xylem less vulnerable to cavitation. Thus, this species may be better adapted to 456 
withstand drought than its coexisting pine species having wider tracheids (Willson et al., 457 
2008). Although the thicker cell walls of P. engelmannii can also sign a different strategy to 458 
cope with dry weather as the tracheid’s thickness-to-span ratio is considered a primary 459 
determinant of the xylem resistance to hydraulic failure by implosion (Hacke et al., 2001; 460 
Pittermann et al., 2006). Considering this characteristic P. engelmannii, being a much taller 461 
tree, can compete with P. cembroides at the dry conditions of Otinapa without risking 462 
tracheid embolism. The climate-anatomy correlations (Figure 7) provide further insight on 463 
the different wood anatomic features of these pines. While both species depend on late 464 
winter- early spring precipitation for growth and tracheid enlargement, only P. engelmannii 465 
shows a significant negative response for cell wall thickness, meaning that during rainy 466 
winters this species invests less on cell wall reinforcement. 467 
At El Salto wet site, Abies durangensis was the species with the strongest climate-anatomy 468 
correlations. As reported in previous studies (Pompa-García et al., 2017a, 2017b), this species 469 
(and others like Picea chihuahuana) growing in areas with a mostly positive water balance 470 
(Figure S1) shows a higher sensitivity to weather changes (mainly drought) than other 471 
conifers inhabiting lower and drier environments. In our study, the species’ precipitation-472 
anatomy associations span along all tree-ring sectors and show a congruent succession of 473 
positive values with lumen area, followed by negative ones for cell wall thickness during the 474 
growing season (Figure 7). However, to the best of our knowledge, no xylogenesis studies 475 
have been carried out in this area (neither with these species) to confirm the genuine start and 476 
end of the growing season and, therefore, we need a better assessment of the cambial 477 
phenology in these forests to thoroughly confirm our hypothesis. It should be noted that, 478 
contrary to the pine species, A. durangensis shows a significant negative correlation between 479 
precipitation and CWT at the end of summer affecting only the last two sectors. This 480 
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particularity is clearly substantiated by the IADFs results (Figure 3) where this species is the 481 
only one to produce a significant amount of latewood IADFs on the 9th and 10th tree-ring 482 
sector. Furthermore, according to Figure 4, this behavior has become rarer on the last 30 483 
years, which can be a result of the continued increase of temperatures and evapotranspiration 484 
at El Salto (Pompa-García et al., 2017b). Latewood density fluctuations are commonly 485 
attributed to an increase of water availability at the end of summer or during autumn 486 
(Battipaglia et al., 2016; Bouriaud et al., 2005; Campelo et al., 2007; De Micco et al., 2016; 487 
Novak et al., 2013; Pacheco et al., 2018). Although precipitation patterns have not changed at 488 
El Salto, the aforementioned temperature increase may be reducing soil moisture and 489 
increasing evaporative demand, hampering in this way the responsiveness to summer rainfall 490 
pulses and the formation of latewood IADFs on the last decades. Considering the interaction 491 
of these climatic factors, we also observed that A. durangensis cell wall thickness was 492 
negatively correlated with the SPEI, while pine species were not (Supporting information Fig. 493 
S4). 494 
 The climatic gradient on which this study has been developed cannot explain by itself 495 
the high variability of these results. The species functional characteristics play a decisive role 496 
on how trees respond to climate and, especially, on a changing climate scenario. The 497 
projected higher temperatures and lower precipitations (IPCC2018) could produce a higher 498 
interspecific competition for soil water resources (Linares et al., 2010). This new condition 499 
could prove detrimental for old and tall individuals like P. engelmannii which can face more 500 
difficulties for the uptake of water and nutrients up to the topmost parts of the crown (Singer 501 
et al., 2013). Conversely, species like P. cembroides – with smaller size and smaller conduits 502 
– could be less prone to the deterioration of their hydraulic system (Bennett et al., 2015).  503 
The isotope results showed that all three species had positive and significant correlations 504 
between Δ13C and growth (BAI), while for the anatomical variables only A. durangensis 505 
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showed significant correlations (Table 4). The positive correlation found between Δ13C and 506 
LA in A. durangensis and its correspondent negative correlation with CWT results on a 507 
riskier morphological strategy of its xylem to cope with drought conditions, demonstrating 508 
higher sensitivity to drought conditions as previously observed (Pompa-García et al., 2017a). 509 
This would put the species’ at risk of conduit embolism in case of increasing dry conditions 510 
of its habitat. In the case of  δ18O, only P. cembroides had a significant positive correlation 511 
with BAI, which may indicate a denser and shallower root system allowing P. cembroides to 512 
take advantage (in terms of growth) of small rainfall episodes which are a more isotopically 513 
enriched water source (Canadell and Zedler, 1995; Moreno-Gutiérrez et al., 2012, 2015). The 514 
Δ13C series (Figure 5) of the three species showed no particular differences on their trends 515 
along the studied period. However, it is noteworthy to highlight the extremely low cellulose-516 
Δ13C values achieved by P. cembroides, which to the best of our knowledge are among the 517 
lowest values ever reported in the literature for a forest tree species (or the highest values of 518 
iWUE). Even for an extremely plastic and water-saving species such as Pinus halepensis, the 519 
observed iWUE inferred from wood α-cellulose achieved appreciably lower values under 520 
particularly dry conditions (De Micco et al., 2019). Indeed, and considering the three 521 
proposed theoretical models of intrinsic water-use efficiency (Saurer et al., 2004) (Table 3), 522 
the constant ci/ca scenario was the best describing the rising trend of P. cembroides iWUE 523 
(Figure 6). This result, combined with the decreasing trend of growth (BAI, Figure 2), could 524 
indicate a low photosynthetic activity triggered by a greater plasticity of stomatal regulation 525 
for this pine. Similar results have been reported for a dry area of the Mediterranean (Altieri et 526 
al., 2015), where the species with a tighter stomatal regulation also presented higher iWUE. 527 
Unexpectedly, P. engelmannii had just slightly higher values of iWUE than A. durangensis, 528 
which reinforces the possibility that in a warmer and drier future climate, P. cembroides can 529 
outcompete P. engelmannii at dry sites, whereas the latter species could expand toward wet 530 
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sites located at higher elevation where A. durangensis grows nowadays but could experience 531 
drought-triggered dieback in the future. 532 
 533 
CONCLUSIONS 534 
Matching tree-ring, wood anatomical and isotope analysis resulted in an efficient 535 
combination of methodologies that provided better insight on species-specific responses of 536 
three conifers and how they may adapt to climate change. P. cembroides, with a very distinct 537 
wood anatomical traits (smaller cells), a compact morphology (smaller trees with close-538 
packed crowns) and an extremely high iWUE, stands as the species better adapted to its 539 
current environment and could be less affected by a future warmer and drier climate. On the 540 
other hand, it shows the lowest growth rates with a decreasing tendency over the last 30 541 
years. P. engelmannii and A. durangensis show high plasticity at a wood anatomical level for 542 
a prompt response to seasonal water availability, but this plasticity likely gives no advantages 543 
under a climate with longer and more frequent drought spells (see Figure S5). 544 
These findings provide a better understanding of the ecological mechanisms developed by the 545 
studied conifer species in northern Mexico. However, further research, including xylogenesis 546 
analysis and monitoring of the different populations of these tree species, would be still 547 
necessary to reach a clearer understanding of their future responses to weather patterns. Our 548 
multi-proxy approach could be used in other forests to characterize the in situ functioning of 549 
trees, e.g. growth, water use, and development of strategies for forest management under 550 
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Figure S1. Climate diagrams of the climate stations from the dry (Otinapa, 1962-2015 data) and wet 798 







Figure S2: Visual aid for the qualitative characterization of intra-annual density fluctuations (IADF) 804 
using three level scale of intensity (weak, moderate and strong) and separated in IADFs occurring 805 
within the earlywood (producing latewood-like cells) and latewood (producing earlywood-like cells). 806 











Figure S3. Intra-annual values (means ± SE) of lumen area and cell-wall thickness (CWT) of the 816 
three studied conifer species (wet site, Abies durangensis; dry site, Pinus cembroides and Pinus 817 









Figure S4. Pearson correlations calculated between the Standardized Precipitation Evapotranspiration 825 
Index (SPEI) drought index and sectorized anatomical traits (lumen area; CWT, cell-wall thickness) 826 
for two of the three studied conifer species (wet site, Abies durangensis; dry site, Pinus cembroides). 827 
The Y axes correspond to ten tree-ring radial sectors from the early earlywood (S1) to the late 828 
latewood (S10). The SPEI was calculated on scales of 1, 3, 4, 6, 8 and 12-month long (columns) from 829 
January–December. The graphs show the Pearson correlation coefficients (r) using color scales. 830 
Correlation values above │0.232│are significant (P < 0.05) and shown by the black contour line. 831 
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 840 
Figure S5. Climate diagrams from CRU (0.5º-gridded) climate data covering both the study wet and 841 
dry sites and splitting the years with high (+50%, left plot) and low (-50%, right plot) frequency of 842 
intra-annual density fluctuations (IADF).  843 
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